Abstract -Among their natural defenses against pathogens and parasites, honey bees coat nest cavity surfaces with propolis. Consequently, they are able to economize on immune system activation, lowering energetic costs and improving longevity. However, the mechanisms through which propolis acts to protect bees are unknown. Here we show that 0.1% propolis fed in a pollen substitute diet greatly increases activation of antimicrobial peptide genes (defensin-1 , abaecin , hymenoptaecin , and apidaecin ) in bees injected with Escherichia coli , compared to infected bees fed the same diets without propolis. This increase was not seen in uninfected bees fed propolis. In addition to its protective role in the hive, propolis stimulates high-level expression of the immune system response in bees challenged with microorganisms. Whether this increase translates into improved disease control will require laboratory and field tests with pathogens.
INTRODUCTION
In recent years, large-scale honey bee colony decline has impacted on the costs and yields of numerous crops that require their pollination services (Chopra et al. 2015; Bauer and Wing 2016) . The phenomenon of large-scale bee losses has been labeled Bcolony collapse disorder^(CCD); however, attributing the majority of such losses to CCD is probably an oversimplification of the problems involved. Losses have been linked to various causes, including the stress of transporting colonies long distances to crops, mite parasites, viruses, microsporidians, fungi, pesticides, and inadequate food sources (vanEngelsdorp et al. 2009; Neumann and Carreck 2010) . Bees need an adequate protein source in order to achieve high-level expression of antimicrobial immune system genes (Alaux et al. 2010) . In their efforts to avoid losses and produce colonies suitable for pollination services, beekeepers have greatly increased their investment per colony, including heavy feeding of pollen substitutes, often mixed with putative health products (DeGrandi-Hoffman and Chen 2015) . These Bhealth products,^such as essential oils, are frequently included in bee diet formulations (Imdorf et al. 1999) , though it is difficult to objectively determine whether their use actually improves bee health and is worth the investment.
Though honey bees have considerably fewer immune genes than many other insects (Evans et al. 2006) , they apparently compensate with a unique set of defenses, which have been denominated as Bsocial immunity,^to protect themselves against pathogens and pests. These include mechanical removal of parasites, eviction of infected individuals, garbage removal, and nest protection with propolis (Cremer et al. 2007; Evans and Spivak 2010; Visscher 1980; Wilson-Rich et al. 2009 ). Propolis is made from resins with antimicrobial properties that honey bees collect from plants. Bees use it to coat hive surfaces, helping prevent the wood of tree cavities from rotting, to close large openings for protection and to avoid excessive air circulation, to seal cracks and crevices, to protect against pests and parasites that may otherwise harbor in such spaces, and to reinforce the wax combs (Seeley and Morse 1976; Simone-Finstrom and Spivak 2010; Visscher 1980) . For beekeepers, however, propolis has traditionally been considered a nuisance, as frames containing combs with brood and honey and other hive parts are glued together with this material and are hard to remove without prying with a hive tool, angering the bees and frequently resulting in breakage of hive parts and combs. Propolis also sticks to beekeeper's gloves and can dirty and darken comb, making comb honey less attractive. Dark combs result in darkened extracted honey, which has reduced market value. As a result, bee breeding efforts have traditionally selected against propolis production, with unknown consequences for bee health (Morse 1975; Simone-Finstrom and Spivak 2010) . Perhaps not coincidentally, Africanized honey bees, which produce considerable propolis, are known to be relatively resistant to bee diseases and parasites; however, pest and disease resistance in Africanized bees is probably due to a combination of many factors, including intense hygienic behavior, grooming and small brood comb cell size (De Jong 1996; Rosenkranz 1999) .
Propolis in the hive as a kind of protective envelope has been associated with reduced expression of immune system genes Simone et al. 2009 ), apparently as an energy saving mechanism, because its presence in the hive would make activation of these genes unnecessary due to the inhibition of microbial growth by propolis. Overexpression of immune genes has costs for the bees and reduces colony productivity (Evans and Pettis 2005; Mallon et al. 2003; Moret and Schmid-Hempel 2000) . Based on their understanding that propolis in the hive improves bee health, some beekeepers add it to their pollen substitute formulations, though data is lacking concerning whether it is beneficial when fed in this way. To better understand how propolis impacts on honey bee health and how this material could be exploited, we examined its effect on the immune system when fed orally to bees challenged with bacteria.
MATERIALS AND METHODS

Bees and treatments
Africanized Apis mellifera were collected from hives of the experimental apiary of the Department of Genetics, Ribeirão Preto Medical School, University of São Paulo. Frames of sealed brood were kept in an incubator (34°C, 80% relative humidity), where worker bees emerged. Newly emerged worker bees (0-16-h-old) from three different colonies were mixed and randomly separated into six groups of 100 individuals for each of the four test conditions (two diets, with or without propolis). The bees were confined in plastic screened cages (21.5 cm × 13 cm × 13 cm), where they were maintained in an incubator during 7 days at 30°C and 80% RH. During this period, the bees were fed on one of two artificial protein diets, with or without propolis extract. Water was given ad libitum to all groups. After this period of feeding, the bees were individually injected with 1 μL of live Escherichia coli (10 6 bac mL −1 ), or were not injected (uninfected), and were maintained in separate cages. This methodology was chosen (injection of E. coli ) because it triggers the immune response, causing activation of the antimicrobial peptide genes, with a maximum increase 12 h after E. coli injection (Casteels-Josson et al. 1994) . The injections were made using a Hamilton micro syringe (1701LT) with a G30 needle (Lourenço et al. 2013) . Bees were collected for analysis at 12 h after treatment.
Diets
Two different protein-rich diets were fed to the bees: MegaBee® (Megabee, Paso Robles, CA, U.S.A.), a commercial diet widely used in the U.S.A., and a diet based on ingredients locally available in Brazil. Megabee (80 g) was mixed with 20 mL sucrose syrup (50% w /w) to make a heavy paste. The other diet, which we named Glutenose, consisted of 16 g soy meal, 12 g corn meal, 6 g corn gluten meal (called glutenose in Brazil, produced by Cargill), 12 g sugar cane yeast, 12 g sucrose (all finely ground), and 42 mL sucrose syrup (50% w/w). The diets were prepared with and without the addition of Brazilian green propolis extract (1 mL propolis extract in 100 g pollen substitute diet). The propolis extract (10% propolis solids in an ethanol solution) was obtained from a local company (Apis Flora, Ribeirão Preto, SP, Brazil) that produces ISO-9001-quality propolis products for national and export markets. Fresh diet was provided every 2 days. Consumption was measured when the diets were replaced by subtracting the weight of the leftover diet from what had originally been provided. This was done nine times for each diet.
RNA extraction and cDNA synthesis
Total RNA was isolated from abdomens (fat body plus carcass), free from intestine, using TRIzol reagent (Life Technologies). Each sample was prepared with abdomens dissected from three bees. Three samples were collected for each treatment. Samples were treated with DNase (Invitrogen) to eliminate contaminant genomic DNA. For the reverse transcription, we used 3 μg of total RNA, Superscript II (Invitrogen) and Oligo (dT) 12-18 (Invitrogen). Aliquots of cDNA were subjected to real-time PCR.
Quantitative real-time RT-PCR
A qRT-PCR assay was performed using the 7500 Real-Time PCR System (Applied Biosystems). Amplification was carried out in a 20-μL reaction volume, containing 10 μL of SYBRs Green Master Mix 2× (Applied Biosystems), 1 μL of cDNA (diluted 10×), 7.4 μL of water, and 8 pmol of each genespecific primer. The PCR conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. The working genes (GenBank accession numbers) and respective primer sequences were: defensin-1 (NM_001011616-: 248-366): forward 5′ TGCGCTGCTAACTGTCTCAG3′, reverse 5′ AATGGCACTTAACCGAAACG3′-3′; abaecin (NW_001252985.1: 236260-236814): forward
forward 5′CTCTTCTGTGCCGTTGCATA3′, reverse 5′ GCGTCTCCTGTCATTCCATT3′; and apidaecin (NC_007085: 3974692-3975314): forward 5′CTTTGTAGTCGCGGTATTTGG-3′, reverse 5′AGGCGCGTAGGTCGAGTAG3′. All primer sequences were from Siede et al. (2012) . Target expression measurements were normalized relative to A. mellifera rpL32 (GenBank accession number AF441189) mRNA levels (Lourenço et al. 2008) . The primers used for amplification of this internal control were: forward 5′-CGT CAT ATG TTG CCA ACT GGT-3′ and reverse 5′-TTG AGC ACG TTC AAC AAT GG-3′. Data were analyzed according to the comparative threshold cycle (Ct) method, where the amount of a target transcript, normalized to an endogenous reference and relative to a calibrator (an uninfected sample fed on the Megabee diet-M) is given by 2 -ΔΔCt . To check reproducibility, each SYBR green assay was run in triplicate and repeated with three independent samples. Gene expression of rpL32 was similar between untreated and treated bees. We also amplified actin as a reference gene (another suitable reference gene for honey bees, Lourenço et al. 2008 ). However, in analyzing variation of these genes, rpL32 expression among samples was more stable (NormFinder, stability values act =0.120; rpL32 =0.073). Thus, we chose rpL32 as the reference gene to analyze our data.
Statistical analysis
Differences in expression levels of antimicrobial peptides between the uninfected and the infected bees of each treatment, as well as between the infected bees fed a protein diet (Megabee or Glutenose) with or without propolis, and between uninfected bees fed Megabee or Glutenose were analyzed by a Wilcoxon signed-ranks test (Daniel 1978) . The same test was used to determine if diet consumption varied between diets and for each diet, comparing diet with versus without propolis. A comparison of antimicrobial gene expression (all four genes taken together) before and after injection with bacteria in bees fed the two different diets (with and without propolis) was made with a Binomial test (Daniel 1978) . Calculations were made R statistics software (R core team 2013).
RESULTS
We analyzed the expression of genes encoding antimicrobial peptides (AMPs: defensin-1 , abaecin , hymenoptaecin , and apidaecin ) in caged worker bees fed pollen substitute diets, Megabee or Glutenose, with or without propolis, and later injected or not with E. coli . Megabee is a commercial diet, widely used in the USA, and Glutenose is an experimental diet developed with local ingredients in Brazil. Injection with bacteria induced increased AMP expression in all test groups (Fig. 1) . The increase was significant for defensin-1 and hymenoptaecin (Wilcoxon W = 0, P < 0.05), but not for abaecin and apidaecin (Wilcoxon W = 2 and 4, respectively, P > 0.05) in the bees fed diet without propolis. When propolis was added to the diets, the bees injected with E. coli showed significantly higher up-regulation of all four AMPs compared to infected bees fed with the same diet, but without propolis ( Fig. 1 ; Wilcoxon W = 0, P < 0.05).
The Megabee diet induced significantly higher expression of the AMP genes, examined collectively, than did the Glutenose diet in both infected bees and uninfected bees (Binomial test, P = 0.0093). When propolis was added, the differences between the Glutenose and Megabee diets in the expression of the four AMP genes in Expression of antimicrobial peptide genes (defensin-1 , abaecin , hymenoptaecin , and apidaecin ) in the fat body of worker bees fed with the pollen substitute diets Megabee (M), Megabee plus propolis (MP), Glutenose (G) or Glutenose plus propolis (GP) for 7 days. Megabee is a non-soy commercial diet produced in the USA and Glutenose is a diet developed in our laboratory consisting of soybean, corn, and corn gluten meal, plus sugar cane alcohol yeast (see materials and methods). The bees were then injected with E. coli , or not (uninfected). Relative expression levels after 12 h were assessed by RT-qPCR and were normalized to rpl32 expression. Each column represents a mean of three samples, each including three individuals. All values are given as the mean ± SEM. *Significant up-regulation (Wilcoxon signed-rank test; P < 0.05).
infected bees were no longer significant ( Fig. 1 ; Binomial test, P > 0.5). In a comparison of the two diets, consumption was not significantly different in the cage tests, both with and without propolis (Table I ; Wilcoxon W = 19 and 8, respectively, P > 0.05). However, addition of propolis significantly increased consumption of both Megabee and Glutenose diets (Table I ; Wilcoxon W = 2 and 4, respectively; P < 0.05). These consumption tests were made with uninfected bees.
DISCUSSION
Providing a natural protein diet, such as bee bread, sustains activation of the immune system in honey bees (Alaux et al. 2010) . Initially, our objective was to determine if an artificial protein diet would also permit immune system activation. We injected bees with E. coli and found that this stimulation increased immune gene expression. The injection procedure itself could have provoked some or all of this increase (Lourenço et al. 2013 ). However, since injection with E. coli did give a measurable immune gene expression response, as also reported by CasteelsJosson et al. (1994) , we considered it a valid means to test how diet could affect such a response.
Bees injected with E. coli that had been fed these diets without propolis had higher expression of all four AMP genes, though the differences were significant for only two of the genes. In comparison, Lourenço et al. (2013) found significantly higher expression of all three analyzed genes (defensin-1 , abaecin , and hymenoptaecin ) in bees challenged with bacteria that had been fed a natural diet of bee bread; besides a possible effect of the diets, our analysis may have been hampered by the small sample size.
As we were aware that bee diet manufacturers and beekeepers often include diet additives in their formulations in an attempt to improve bee health, in addition to testing the artificial diets, we decided to test whether such an additive would affect the immune system. As a candidate additive, we chose propolis because of its known importance for bee health (Borba 2015) and because some beekeepers in the USA were already using it.
There was no significant increase in immune gene expression due to the addition of propolis to the diet in uninfected bees; however, in the infected bees, antimicrobial protein gene expression was greatly increased in bees that had been fed the diet that contained 0.1% propolis. The immune system is apparently lowly expressed when there is no infection; it becomes activated when bacteria are injected (Fig. 1) . Activation of immune system genes only after infection conserves energy (Evans and Pettis 2005; Laughton et al. 2011; Moret and Schmid-Hempel 2000) .
Adding propolis to the diet did not result in increased immune gene expression in uninfected bees. Honey bee immune genes should only be expressed when needed because production of storage proteins such as vitellogenin is correspondingly reduced when infection stimulates immune gene expression (Lourenco et al. 2009 ), which negatively affects longevity and brood rearing capacity (Amdam et al. 2003 (Amdam et al. , 2004 Smart et al. 2016) . Associative learning (Mallon et al. 2003) and social interactions in honey bees (Richard et al. 2008) can also be affected by stimulation of the immune system. Bacteria pathogenic for bees, such as Paenibacillus larvae , also cause an increase in immune gene expression in bee larvae when infected orally (Decanini et al. 2007; Evans 2004) . Bees injected with the Gram-negative bacterium Serratia marcescens or the Gram-positive bacterium Micrococcus luteus have increased expression of immune response genes (Lourenço et al. 2013 ). In our investigation, adding propolis to the food greatly increased immune gene expression in bees injected with E. coli , compared to the uninfected bees (same diets without propolis). This brings new insight into a possible role of propolis in reducing colony susceptibility to pathogens. It is unknown whether bees would normally ingest propolis; however, our findings lead us to hypothesize that they do so when challenged with pathogens. In a similar fashion, honey bees infected with the microsporidian gut parasite Nosema ceranae preferably consumed medicinal honeys (Gherman et al. 2014) . Also, increased resin collection after infection with the fungal pathogen Ascosphaera apis was considered self-medication at the colony level (Simone-Finstrom and Spivak 2012) . Uninfected bees fed Megabee without propolis showed significant higher transcript levels of the antimicrobial genes than uninfected bees fed the Glutenose diet without propolis. Possibly, the Megabee formulation includes substances that stimulate immune gene expression, even in uninfected bees. This could be a negative attribute, because it would entail unnecessary metabolic costs. It would be more efficient to activate the immune system only when needed.
Our uninfected bees fed propolis did not have significantly altered immune gene expression compared to bees fed the same diet without propolis. It has been found that applying propolis to the inside of hives allows decreased investment in immune function through reduced immune gene expression in uninfected adult worker bees Simone et al. 2009 ); however, in those investigations it is not known whether the bees consumed propolis or how the bees exposed to propolis would react if infected.
Possibly, the bees in the hives with added propolis were less challenged by bacteria than those that had no added propolis, which could react to the bacteria by increasing immune gene expression. The apparent decreased investment could be the normal situation, when there is ample propolis, which is altered when there is less propolis. Conifer resin has also been found to decrease activation of the immune system in wood ants (Castella et al. 2008) .
The propolis was added in an ethanol solution. Ethanol has been found to provoke behavioral changes in honey bees (Abramson et al. 2004; Mustard et al. 2008) , as well as physiological stress (Hranitz et al. 2010) . We used ethanol extracts because they are inexpensive to prepare and would be more accessible to beekeepers. The amount of ethanol in the diet was quite small (1%), and at the incubator temperature of 34°C, much of it evaporated quickly. In previous investigations on the effect of ethanol, effects were only found at concentrations of 5% ethanol or more (Sokolowski et al. 2012; Hranitz et al. 2010) .
Other researchers have also found that oral feeding of bees with propolis or propolisrelated compounds can positively impact on their health. Stingless bee propolis can help control the fungal bee pathogen, Nosema ceranae (Suwannapong et al. 2011; Yemor et al. 2015) . Toxicity of mycotoxins is ameliorated by propolis (Niu et al. 2011) .
Selection for increased propolis production by honey bees has been associated with improved brood viability, lifespan and hygienic behavior (Nicodemo et al. 2013 (Nicodemo et al. , 2014 . Additionally, when added to bacterial media, propolis and its components have been found to inhibit the growth of an important bacterial bee pathogen, Paenibacillus larvae , which causes the brood disease American Foulbrood (Bastos et al. 2008; Bilikova et al. 2013) . Various investigators have found that propolis inhibits the growth of bee pathogens in vitro, implying that bees could use it for self-medication, though beneficial effects through stimulation of the immune system had only been speculated (Antunez et al. 2008; Bastos et al. 2008; Borba et al. 2015; Erler and Moritz 2016) .
Based on our findings, propolis appears to be important for the induction of full expression of the immune system response in bees challenged with bacteria. Consequently, its role in maintaining healthy colonies should be reexamined. Our study shows that propolis extract added to artificial protein diets (0.1% propolis solids in the final mixture) greatly increases (mean of over fivefold) the expression of immune system (AMP) genes in honey bees challenged with injections of bacteria. We used Brazilian green propolis, which is widely recognized and valued for its health properties (Bastos et al. 2008; Gao et al. 2014; Farnesi et al. 2009; Frion-Herrera et al. 2015; Santos et al. 2002) . It will be useful to test other types of propolis in the same system, investigate dose-dependency and determine if feeding propolis gives protection against honey bee pathogens, including viruses, which are considered to be important causes of honey bee losses throughout the world (Cornman et al. 2012) . Adding propolis to hives has been found to reduce the increase in deformed wing virus titers in honey bee colonies; colonies with added propolis were also significantly stronger than propolis-removed colonies (Drescher et al. 2017) . These findings indicate that propolis can interfere with the dynamics of Varro a destructor -transmitted viruses; though the mechanism through which propolis impacted on virus infection was not investigated. An important consideration when adding antimicrobials to a bee diet, whether they be natural or artificial, is how they may affect the normal microflora in the bee gut (Anderson et al. 2011; Tian et al. 2012) .
Beekeepers, bee diet manufacturers, and researchers often add natural oils and other substances to pollen substitutes in an attempt to improve the health of honey bee colonies (Gende et al. 2009; Emsen and Dodologlu 2015) . However, it is difficult to objectively measure the efficiency of such supplements in improving bee health. The bioassay that we employed here could help screen for substances that are beneficial. 
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La consommation de propolis amplifie la réponse immunitaire chez des abeilles infectées par des bactéries
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